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Abstract 

This study describes the development of acetylcholinesterase (AChE), carboxylesterases (CaE1, CaE2, CaE3), 

glutathion-S-transferase (GST), alkaline phosphatase (ALP) and catalase (CAT) as enzyme biomarkers of 

exposure to xenobiotics such as thiamethoxam in the honey bee Apis mellifera. Extraction efficiency, stability 

under freezing and biological variability were studied. The extraction procedure achieved good recovery rates in 

one extraction step and ranged from 65% (AChE) to 97.3% (GST). Most of the enzymes were stable at -20°C, 

except ALP that displayed a slight but progressive decrease in its activity. Modifications of enzyme activities 

were considered after exposure to thiamethoxam at the lethal dose 50% (LD50, 51.16 ng.bee-1) and two sublethal 

doses, LD50/10 (5.12 ng.bee-1) and LD50/20 (2.56 ng.bee-1). The biomarker responses revealed that, even at the 

lowest dose used, exposure to thiamethoxam elicited sublethal effects and modified the activity of CaEs, GST, 

CAT and ALP. Different patterns of biomarker responses were observed: no response for AChE, an increase for 

GST and CAT, and differential effects for CaEs isoforms with a decrease in CaE1 and CaE3 and an increase in 

CaE2. ALP and CaE3 displayed contrasting variations but only at 2.56 ng.bee-1. We consider that this profile of 

biomarker variation could represent a useful fingerprint to characterise exposure to thiamethoxam in the honey 

bee A. mellifera. This battery of honey bee biomarkers might be a promising option to biomonitor the health of 

aerial and terrestrial ecosystems and to generate valuable information on the modes of action of pesticides. 

 

 

 

Keywords Insecticide, Thiamethoxam, Honey bee, Sublethal effect, Biomarker  
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1. Introduction 

Biomarkers reveal information on the environmental health in terms of the anthropogenic factors responsible for 

individual and population disturbances. Biomarkers can be defined as observable or measurable changes at the 

molecular, biochemical, cellular, physiological or behavioural levels indicative of the present or past exposure of 

an organism to xenobiotics (Lagadic et al., 1997). Considerable research on biomarkers has been carried out in 

marine species (Van der Oost et al., 2003; Bodin et al., 2004). In the terrestrial environment, the honey bee is a 

particularly pertinent model for the development of biomarkers to assess environmental contamination 

(Wallwork-Barber et al., 1982; Saifutdinova and Shangaraeva, 1997; Leita et al., 2004). Honey bee can provide a 

true reflection of environmental quality because, by its intense foraging activity, it is into contact with a large 

number of pollutants within a radius that generally ranges from 3 to 12 km around the hive. Few studies have 

been performed on the development of biomarkers in the honey bee, and most of them have concerned the 

enzyme acetylcholinesterase (AChE) or hypopharyngeal glands as anatomical biomarkers (Stefanidou et al., 

1996; Badiou et al., 2008; Heylen et al., 2011). However, effective assessment of the ecotoxicological impacts of 

xenobiotics requires an approach that combines several different biomarkers (Roméo et al., 2003) as this will 

enable a more precise diagnosis of exposure to environmental stressors through a combination of different 

biological responses.A variety of enzymes are commonly used as biomarkers in numerous species, such as 

acetylcholinesterase (AChE, EC 3.1.1.7), carboxylesterases (CaEs, EC 3.1.1.1), catalase (CAT, EC 1.11.1.6) and 

glutathion-S-transferase (GST, 2.5.1.18). However, the honey bee suffers from a lack of pertinent biomarkers to 

assess its health, especially in the context of bioindication. AChE is a neural enzyme involved in the precise 

control of nerve transmission in the cholinergic synapses by hydrolysing the neurotransmitter acetylcholine. The 

honey bee presents two membrane-bound AChE (93-97% of total activity) and a soluble form (3-7% of total 

activity), mainly localised in the head (Badiou et al., 2007). AChE depression has been widely used as a 

biomarker of general exposure to pollutants (Stefanidou et al., 1996; Frasco et al., 2005; Tu et al., 2009), but its 

increase can also be a sign of specific exposure to certain agrochemicals such as deltamethrin (Badiou et al., 

2008). CaEs are involved in numerous metabolic processes but can also be considered as phase-I detoxifying 

enzymes that mainly hydrolyse non-polar carboxyl esters, or as suicide enzymes to inactivate organophosphate 

or carbamate insecticides (Yu et al., 1984; Dary et al., 1990; Maxwell and Donald, 1992; Gunning et al., 1997; 

Stone et al., 2002). GST is a phase-II detoxifying enzyme that catalyses the conjugation of reduced glutathion 

(GSH) to a large number of xenobiotics, resulting in more polar compounds being excreted or further 

metabolized (Maxwell, 1992). In different honey bee species, GST is mainly localised in the midgut (Diao et al., 

2006). GST and CaEs can be induced by numerous different chemicals because of their active role in the 
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detoxification of endogenous and exogenous substances (Stone et al., 2002; Barata et al., 2005). However, 

although recent studies have suggested that GST may also play an important role in protecting tissues from 

oxidative stress, the primary defence against this stress is assured by catalase (CAT, EC 1.11.1.6) (Hyne and 

Maher, 2003; Babczynska et al., 2006). CAT is a peroxisomal hydroperoxidase that catalyses the conversion of 

hydrogen peroxide into oxygen and water, providing an efficient defence system against the toxicity of reactive 

oxygen species (ROS). Alkaline phosphatase (ALP, EC 3.1.3.1), a digestive enzyme involved in adsorption and 

transport mechanisms through the hydrolysis of phosphate groups (Moss, 1992), is a valuable diagnostic tool 

used to monitor certain human diseases. ALP is also involved in the transport of glucose and fatty acids through 

the membrane of the midgut epithelium, as shown in Bombyx Mori (Vlahovic et al., 2009). In insects, few 

studies have been performed on the use of ALP as a biomarker. However, Bounias et al. (1996) observed an 

increase in phosphatase activity after copper treatment in the honey bee which showed that this enzyme could be 

used as a biomarker in this species. Thus AChE, CaEs, GST, CAT and ALP are involved in processes critical to 

the survival, performance and defences of the honey bee, at both the neural and metabolic levels, and 

consequently represent very good candidates to be modulated following exposure to pollutants. 

Among potential environmental stressors of honey bees, thiamethoxam is a systemic insecticide of the 

neonicotinoid family that is widely used against sucking and chewing pests in agriculture. Its physicochemical 

properties mean that it is applied in a variety of ways, including spraying and seed dressing. Thiamethoxam 

residues have been measured in pollen as high as 53 µg/kg (Mullin et al., 2010). It is therefore highly 

probable that thiamethoxam is in contact with non-target insects such as honey bees at different levels of 

exposure.  This insecticide acts agonistically on nicotinic acetylcholine receptors (nAChR), without competitive 

interaction with other neonicotinoids (Tomizawa and Casida, 2003; Tan et al., 2007). In the honey bee brain and 

ganglions, the nAChR are widely distributed and are involved in pathways that control a variety of physiological 

functions (Scheidler et al., 1990; Thany and Gauthier, 2005). However, secondary targets may also be affected 

by xenobiotics, as has already been observed with other pesticides (Loucif-Ayad et al., 2008), and may constitute 

potential biomarkers. As well as its highly lethal toxicity, thiamethoxam can elicit adverse sublethal effects at 

low doses and impair learning and memory functions (El Hassani et al., 2008; Aliouane et al., 2009). Such 

adverse sublethal effects are not limited and different types can be observed in arthropods, and especially the 

honey bee, following sublethal exposures to pesticides (Desneux et al., 2007). Xenobiotics may impact 

metabolism, cell signalling, cognitive functions or the integrity of development, but they always have final 

behavioural and/or physiological effects that can be revealed at individual, organ, tissue, cell or molecular levels. 
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At these biological levels, different types of biomarkers can be developed in the honey bee, such as cytochrome 

oxidase, acetylcholinesterase or Na+/K+-ATPase (Bendahou et al., 1999; Armengaud et al., 2000; Badiou et al., 

2008). However, few data are available on the effects of thiamethoxam at sublethal level on enzyme activities in 

insect species, and particularly in the honey bee. 

The purpose of this study was therefore to develop a set of enzyme biomarkers that could be used to assess the 

health of the honey bee Apis mellifera. As a first step, we have developed seven biomarkers: 

acetylcholinesterase (AChE, EC 3.1.1.7), glutathion-S-transferase (GST, EC 2.5.1.18), catalase (CAT, EC 

1.11.1.6), alkaline phosphatase (ALP, EC 3.1.3.1) and carboxylesterases (CaE, EC 3.1.1.1), and then we have 

validated them following the exposure of honey bees to thiamethoxam. This battery of biomarkers may be a 

valuable tool to detect physiological perturbations induced by stressors and to study the modes of action of 

stressors. Biomarkers involved in key biological systems not only represent a witness of the bee health but 

also they can be used with symptomatology and chemical analysis to establish a diagnosis of intoxication 

by pesticides.  

 

2. Materials and Methods 

2.1. Materials 

Antipain, aprotinin, leupeptin, pepstatin A, soybean trypsin inhibitor, monobasic and dibasic sodium phosphate, 

sodium chloride (NaCl), Triton® X-100, acetylthiocholine iodide (AcSCh.I), 5,5’-dithio-bis(2,nitrobenzoic acid) 

(DTNB), sodium bicarbonate, α and β naphthyl acetate (α-NA or β-NA), p-nytrophenyl acetate (p-NPA), 1,5-

bis(4-allyldimethylammonium-phenyl)pentan-3-one-dibromide (BW284C51), Fast Garnet GBC; sodium 

dodecyl sulfate (SDS), hydrogen peroxide (H2O2), monobasic potassium phosphate; ethylenediaminetetraacetic 

acid (EDTA), 1-chloro-2,4-dinitrobenzene (CDNB), reduced L-glutathion (GSH), acetonitrile, acetone, 

trishydroxymethylaminomethane (Tris), hydrochloride acid (HCl), magnesium chloride (MgCl2), p-nitrophenyl 

phosphate (p-NPP) and bovine serum albumin (BSA) were all obtained from Sigma-Aldrich (St Louis, MO, 

USA). Thiamethoxam (98% pure) was purchased from Cluzeau Info-Labo (Sainte Foy la Grande, France). Apis 

mellifera honey bees were grown at the experimental apiary of INRA UMR 406 Abeilles & Environnement at 

Avignon, France. The presence of a queen was checked in each colony and the health status of the bees was 

continuously and carefully monitored. 

 

2.2. Chemical analysis of thiamethoxam 
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Analyses of thiamethoxam were achieved according to the published multi-residue method (Wiest et al., 2011). 

The control of thiamethoxam concentrations in solutions used for the exposures of bees was performed by liquid 

chromatography coupled to a triple quadrupole mass spectrometer (LC-ESI-MS/MS). The detection mode was 

based on Multiple Reaction Monitoring (MRM), which was sensitive and selective. Ionization was achieved by 

an Electrospray source in positive ion mode. Thiamethoxam was characterized by its retention time, two MRM 

transitions (quantification MRM (parent ion > fragment ion 1: 292 > 211) and a confirmation MRM (parent ion 

> fragment ion 2: 292 >181), and by the ratio of the two transitions (R=1.6). LC-MS/MS analysis was conducted 

with a Waters® LC-Quattro-Micro chromatograph equipped with a 1.8 µm ID C18-Sphinx RP column (50x2.11 

mm) (Macherey-Nagel) at a flow rate 0.3 ml/min and at 40°C. The two mobile phases were respectively 

composed of MilliQ water containing 0.3 mM ammonium formate and 0.05% formic acid (phase A) and 100% 

methanol (MeOH) (phase B). Elution was performed by successive gradients: 2-32% MeOH during 5 min, a 

plateau at 32% MeOH for 3 min, 32-100% MeOH during 5 min, and a plateau at 100% MeOH for 8 min. The 

insecticide solutions used to expose the bees to thiamethoxam were 51.2 mg/L, 5.12 mg/L and 2.56 mg/L and 

were assayed in quadruplicate, after dilution, by comparison with a calibration curve linear between 0 and 750 

µg/L (r2 = 0.9967).  

2.3. Honey bees and acute exposure to thiamethoxam 

Honey bee foragers were gathered during the summer from the upper honeycombs of a single colony equipped 

with a queen excluder. The acute contact toxicity of thiamethoxam to bees was assessed by determining the 

dose-mortality relationship according to the EPPO 170 guideline (EPPO, 2001) but with a requirement for 

control mortality ≤ 5%. The bees were gathered on the day before the experiment, placed in plastic cages (10.5 x 

7.5 x 11.5 cm) in groups of 30 individuals and allowed to rest overnight at 25 ± 2°C and 60% relative humidity 

with Candy and water ad lib. On the day of the experiment, bee health and mortality were checked and the few 

dead bees were replaced. Between 08:00 and 10:00 hours, the honey bees were mildly anaesthetized with CO2 

and 1 µL of thiamethoxam solution in acetone, containing the appropriate dose, was applied to the dorsal thorax 

by means of a Hamilton® microsyringe. Great care was taken to avoid stressing the bees, in order to prevent the 

UV degradation of thiamethoxam and to achieve random treatments of bees. Two controls were included in the 

study; one group of bees treated with acetone only, and one group with no treatment. Mortality was recorded 24 

h and 48 h after treatment and corrected by the control mortality. Immediately after determining the LD50 at 48 h, 

new series of treatments was performed to expose bees to thiamethoxam at LD50 (51.16 ng.bee-1), LD50/10 (5.12 

ng.bee-1), and LD50/20 (2.56 ng.bee-1) doses, in order to further assess their effects on bee biomarkers. After 48 
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h, the surviving bees were removed and tissues were sampled as described below, and immediately frozen at -

80°C until biomarker analysis. The thiamethoxam concentrations in the treatment solutions were checked by LC-

MS/MS chemical analysis as described above. For the 51.2 mg/L, 5.12 mg/L and 2.56 mg/L thiamethoxam 

solutions used to expose the bees, the measured values were 51.32 ± 0.16, 4.96 ± 0.12 and 2.46 ± 0.10 mg/L, 

respectively (means ± SD, n=4). 

 

2.4. Enzyme solubilization 

AChE and CaEs were extracted from the head of honey bees that had previously been numbed at -5oC before 

their heads were removed by cutting with a scalpel. To prevent any animal suffering, all tissues used for 

biomarker isolation were removed from previously anaesthetized and decapitated bees. For each tissue extract, 

the heads were weighed and extraction medium was added to make a 10% (w/v) extract. The extraction medium 

consisted of 10 mM NaCl, 1% (w/v) Triton X-100 and 40 mM sodium phosphate pH 7.4, and contained 2 µg/ml 

antipain, leupeptin and pepstatin A, 25 units/ml aprotinin and 0.1 mg/ml soybean trypsin inhibitor as protease 

inhibitors (Belzunces et al., 1988a). Tissue homogenization was performed using a high speed homogenizer 

TissueLyser II (Qiagen®) for three periods of 30 seconds, at 30-second intervals, and the extracts were then 

centrifuged for 20 min at 13,000 g. The supernatant was recovered for biochemical analyses and used 

immediately or stored at -20°C. All procedures were carried out at 4oC. ALP, CAT and GST were extracted from 

the midgut. For each tissue extract, three midguts were obtained by pulling the stings from honey bees and were 

then weighed. Extraction medium was then added to make a 10% (w/v) extract; this consisted of 10 mM NaCl, 

40 mM sodium phosphate pH 7.4 and the cocktail of protease inhibitors. The midguts were homogenized and 

processed as described above for the head enzymes. All procedures were carried out at 4oC. The efficiency of 

biomarker extraction was assessed by performing three consecutive extractions during which the centrifugation 

pellets were re-extracted with the appropriate buffer and the resulting three supernatants were assayed 

independently for enzyme activity. 

 

2.5. Enzyme assays 

Biochemical analyses were performed using a Varian, Cary 1E dual-beam spectrophotometer. Protein 

concentrations were estimated using the method developed by Bradford (1976) with bovine serum albumin as 

the standard. The enzyme biomarkers were analyzed in different biological compartments of the same honey 

bees. All enzyme assays were performed in triplicate at 25°C after incubating the enzymes for 20 min in the 
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assay medium in the absence of substrate. AChE activity was measured at 412 nm according to the method 

described by Ellman et al. (1961) with modifications from Belzunces et al. (1988). The final concentrations of 

the reagents in the reaction medium were 0.3 mM AcSCh.I, 1.5 mM DTNB and 100 mM sodium phosphate 

buffer at pH 7.0. Three CaE were monitored: types 1, 2 and 3, classified according to their substrate specificity 

corresponding to the hydrolysis of α-naphtyl acetate (α-NA), β-naphtyl acetate (β-NA) and p-nitrophenyl acetate 

(p-NA), respectively (Gomori, 1953). The crude extract was incubated in a medium containing 1.10-4 M 

BW284C51 as an AChE inhibitor and 100 mM sodium phosphate pH 7.4 for 20 min at 25°C in the dark. After 

incubation, the appropriate substrate (α-NA, β-NA or p-NA) was added to obtain a final concentration of 0.4 

mM. For CaE1 and CaE2, the enzyme reaction was performed for 3 min and stopped with 1.5% SDS and 0.4 

mg.mL-1 Fast Garnet GBC. The reaction products were measured at 568 nm for α-NA (CaE1) and 515 nm for β-

NA (CaE2). For CaE3, the reaction was monitored continuously at 410 nm. ALP was monitored continuously at 

410 nm in a medium containing 20 µM MgCl2, 2 mM p-nitrophenyl phosphate as the substrate and 100 mM 

Tris-HCl buffer at pH 8.5 (Bounias et al., 1996). GST was measured at 340 nm in a medium containing 1 mM 

EDTA, 2.5 mM GSH (reduced glutathion), 1 mM 1-chloro-2,4-dinitrobenzene as the substrate and 100 mM 

sodium phosphate at pH 7.4. CAT was measured according to the procedure described by Beers and Sizer (1952) 

in a medium containing 10 mM H2O2 and 100 mM phosphate at pH 7.0. The reaction was monitored by the 

decrease in absorbance at 240 nm due to the consumption of H2O2. 

For AChE, CaE1-3, CAT and ALP, one unit of enzyme activity was defined as the quantity of enzyme that, 

under the assay conditions, hydrolysed 1 μmol of substrate per min. For GST, one unit of activity corresponded 

to the quantity of enzyme conjugating 1 µmol of GSH per min. Results were expressed in terms of specific and 

tissue activities corresponding to the activity defined above and then related to the quantity of proteins or tissue, 

respectively. 

 

2.6. Stability under freezing 

Healthy honey bees were used to analyse fresh and frozen extracts. Fresh extracts corresponded to the initial 

control activity. Extracts frozen at -20°C were monitored for 60 days by sampling at different time points after 

freezing: 3, 7, 14, 21, 30, 45 and 60 days. 

 

2.7. Statistical analysis 
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Statistical analyses were performed using the “DRC” package and R software (Ritz and Streibig 2005). The data 

corresponded to the mean values ± standard deviations (SD) of three independent experiments determined in 

triplicate. For enzyme assays, activity data were analysed using one-way analysis of variance (ANOVA). A 

difference was considered to be statistically significant when p ≤0.05. 

 

3. Results 

3.1. Enzyme extraction 

The efficiency of biomarker extraction was assessed by analysing the supernatants from three subsequent 

extractions. The largest proportion of each enzyme was extracted in one extraction step (Fig. 1, Table 1). CaE1, 

CaE2 and CaE3 displayed a high proportion of enzyme being extracted after the first extraction, with 82.80 ± 

0.67%, 83.50 ± 1.07% and 76.60 ± 1.43% of total activity, respectively. AChE showed the lowest proportion of 

enzyme extracted after the first extraction, with 65.10 ± 0.82% of total activity. After the second extraction, 

CaE1, CaE2 and CaE3 displayed activity of 14.75 ± 0.48%, 16.00 ± 0.99%, 17.90 ± 0.96%, respectively and 

AChE showed activity of 25.10 ± 0.94%. A third extraction was necessary to completely solubilize the 

membrane enzymes AChE, CaE1, CaE2 and CaE3, whereas only two extractions were required to extract the 

soluble enzymes present in the bee midgut. Thus for CAT, GST and ALP, 80.20 ± 2.81%, 97.30 ± 3.38% and 

88.40 ± 1.96% of enzyme, respectively, could be extracted after a single extraction. 

 

3.2. Stability under freezing 

The analysis of stability under freezing was performed to verify whether the solubilized enzymes could be frozen 

and assayed at a later stage without any significant loss of activity. In general, the enzymes assayed after 60 days 

at -20°C exhibited activities that did not differ significantly from those of fresh extracts (Fig. 2 and 3). AChE, 

CaE1, CaE2, CaE3, CAT and GST remained stable for 60 days. ALP activity displayed a slight, but progressive, 

decrease over the 60-day period to reach 86.5% of its initial activity. ALP could be considered as stable during 

the first 20 days of freezing. 

 

3.3. Effect of thiamethoxam on biomarker activities 

In this study, honey bees were exposed by contact exposure, which corresponded to an exposure during a 

foliar treatment or to a residual contact exposure with treated plant surfaces. The lethal dose 50% (LD50) of 

thiamethoxam was first assessed in order to determine the doses at which the honey bees would be exposed for 
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biomarker analysis. The LD50 of thiamethoxam at 48 h in foragers was 51.16 ng.bee-1 (DF=18; χ2=24.48; CI95= 

47.07- 56.28 ng.bee-1) (data not shown). For biomarker analysis, three doses were studied: 51.16 ng.bee-1 (LD50) 

and two sublethal doses of 5.12 ng.bee-1 (LD50/10) and 2.56 ng.bee-1 (LD50/20). Compared to the controls, the 

tissue activities of AChE and ALP did not vary with the thiamethoxam doses (Fig. 4A, E). After exposure, CaE1 

and CaE2 displayed significant variations in tissue activities whatever the dose (Fig. 4B). A decrease for CaE1 

and a significant increase for CaE2 could be seen when compared to the corresponding controls. For these 

biomarkers, the lowest dose (2.56 ng.bee-1), induced the strongest effect and corresponded to 7.95 ± 0.85 and 

15.86 ± 1.68 µmol/min/g of tissue for CaE1 and CaE2, respectively (control values: 10.47 ± 1.38 and 11.81 ± 

1.81 µmol/min/g of tissue for CaE1 and CaE2, respectively). The tissue activities of CaE3, CAT and GST only 

presented variations after exposure to the lowest thiamethoxam dose (Fig. 4B, C and D). The tissue activities of 

CaE3 and GST decreased significantly to reach 8.31 ± 1.02 and 29.87 ± 3.98 µmol/min/g of tissue, whereas 

those of CAT increased to 2.99 ± 0.43 mmol/min/mg of tissue when both were compared to their controls (21.38 

± 2.98, 34.46 ± 4.37, 2.57 ± 0.35 µmol/min/g of tissue, respectively). For AChE, CaEs and CAT, both tissue and 

specific activities displayed similar patterns of variation (Fig. 5A, B and C). However, for GST and ALP, 

different patterns were observed between tissue and specific activities, thus showing that other proteins could be 

modulated by thiamethoxam (Fig. 5D and E).  

 

4. Discussion 

4.1. Conditions for biomarker analysis 

The development of a biomarker assay is a complex process that depends on numerous parameters, ranging from 

choosing the correct matrix in order to maintain sample integrity, to assay standardization and accuracy 

(Bocquené and Galgani, 2004). When determining biological matrices, it must be taken into account the sites of 

production, the physiology and the distribution of biomarkers. In line with previous studies, we studied 

biomarkers at their principal location site in the honey bee (Diao et al., 2006; Badiou et al., 2007; Vlahovic et al., 

2009). Biomarker activities were not determined in the whole body of the honey bee. After analysing the head, 

thorax, abdomen (without the gut), and midgut, two tissues were chosen in order to enhance the sensitivity of the 

biomarkers studied, the head and the midgut. Extraction and storage conditions also need to be optimized and 

standardized in order to preserve sample integrity and stability. During this study, most of the activity of each 

enzyme was solubilized in one extraction. The extraction efficiency was around 80% of total activity for most of 

the enzymes, although better extraction rates were achieved for the soluble enzymes CAT, GST and ALP. After 
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the first extraction, GST displayed the highest extraction rate with 97.30 ± 3.38% of total activity, whereas 

AChE displayed the lowest rate with 65.10± 0.82% of total activity. The small variation in extraction rates 

showed that the enzyme recovery rates of the initial extractions were quantitative and representative of the total 

activity of each enzyme. Thus only one extraction step needs to be carried out to study honey bee biomarkers. 

The stability of biomarker activity can be affected by long-term storage. Analyses of stability under freezing 

revealed that the solubilized enzymes could be frozen and subsequently assayed without a significant loss of 

activity. Despite the differing stability profiles, the results showed a general stability of the enzymes during 

freezing at -20°C, with a few exceptions. AChE, CaEs, CAT and GST were stable for 60 days and could be 

measured throughout this period. ALP displayed a slight and progressive decline but could be considered as 

stable for 20 days, implying that this period should be respected if it were to be used as a biomarker. No loss of 

activity was observed when intact tissues were stored at -20°C or below for at least 2 years (data not shown). 

 

4.2. Variability of biomarker responses 

In order to assess the health of the environment, any modulation of biomarkers must be attributable to the effects 

of pollutants and not to physiological, genetic or seasonal variations. Most enzymes may vary as a function of 

developmental stage or environmental conditions ( Sridhara and Bhat, 1963; Belzunces et al., 1992; Polyzou et 

al., 1997; Jovanovic-Galovic et al., 2004). Thompson (1999) described some factors that affect the variability of 

esterases, such as species, inter-individual and diurnal/seasonal changes, age and gender. In addition, the effects 

of pollutants may differ according to the physiological state of individuals and particularly their metabolic 

activity (Sanchez et al., 2007). In the honey bee, it has been shown that age and the season are important factors 

that contribute to major variations in individual and colony physiology (Belzunces et al., 1992; Crailsheim, 

1996; Meled et al., 1998; Decourtye et al., 2003). Consequently, these parameters of variability need to be 

characterised as clearly as possible in order to validate the responses of enzymatic biomarkers. Measuring 

biomarkers in emerging honey bees could reduce the variability due to age (Bendahou et al., 1999) but this is not 

compatible with the notion of biomarkers which implies an analysis of exposed individuals under specific 

environmental conditions at a given time. For this reason, we investigated biomarker changes in foragers, which 

are the primary exposed individuals in the colony. Foragers can easily be gathered, either in the field, at the site 

of exposure to environmental stressors, at the hive entrance or in the upper part of the hive on honeycombs. 

Summer foragers were selected to reduce the variability linked to seasonal conditions, age and polyethism, and 

to increase the pertinence of potential biomarker responses. Our results revealed a small biological variability of 
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all biomarkers. This means that making a distinction between natural variability and responses to stressors would 

not be problematic. In other words, small amplitude variations of biomarkers could be detected. We were thus 

able to highlight the effects elicited by exposure to thiamethoxam, even at low exposure levels. 

 

4.3. Biomarkers of exposure to thiamethoxam: a differential response profile 

The molecular action of insecticides in honey bees has been the subject of several studies (Bendahou et al., 1999; 

Bounias et al., 1996; Desneux et al., 2007) but rarely for the purpose of developing biomarkers of exposure to 

pollutants (Badiou et al., 2008). The action of insecticides involves the modulation of numerous molecular 

targets that could be the object of biomarker development. Some crucial processes in the survival, performance 

and defences of the honey bee appear to have the greatest potential for modulation following exposure to 

pollutants. We therefore chose to investigate a battery of enzyme biomarkers involved at the neural and 

metabolic levels, including detoxification. Biomarker responses were investigated under laboratory conditions 

after acute sublethal contact exposure to thiamethoxam. Many neonicotinoids induce toxicity when used at lethal 

and sublethal levels (Decourtye and Devillers, 2010). In this family, nitro-substituted neonicotinoids such as 

thiamethoxam are the most toxic to honey bees (Suchail et al., 2000, 2001; Iwasa et al., 2004; European 

Commission, 2006). Laboratory bioassays have demonstrated the toxicity of thiamethoxam, and its metabolite 

clothianidin, to honey bees, with contact LD50 values of 30 and 22 ng.bee-1, respectively, comparable to the LD50 

of imidacloprid. In the present study, thiamethoxam toxicity after acute exposure indicated a high level of 

contact toxicity in the honey bee, with a LD50 of 51.2 ng.bee-1. This value did not differ significantly from those 

reported by other authors (Decourtye and Devillers, 2010). Neonicotinoids have often been suspected of 

constituting a threat to honey bees at doses close to or less than 1 ng.bee-1 (Aliouane et al., 2009). Having 

determined the variability of the basal activities of biomarkers in foragers, it was then possible to study the effect 

of thiamethoxam after the exposure of bees to two sublethal doses, 2.56 and 5.12 ng.bee-1, and to the LD50 dose. 

In order to accurately detect the responses triggered by thiamethoxam, our attention has been focused on tissue 

activity, the only parameter that reflects the actual variation of a protein in a tissue. Specific activity only 

provides information on variations affecting a given enzyme marker compared with variation of other proteins. 

This means that the specific activity is used particularly during protein purification in order to study the 

enrichment of an enzyme of interest at each purification step. During this study, biomarker responses always 

occurred at the lowest dose (2.56 ng.bee-1), whatever the biomarker and the expression of results (tissue or 

specific activity). Surprisingly, the LD50 and sublethal dose of 5.12 ng.bee-1 elicited similar responses. 
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Compared to the lowest dose responses, higher doses (5.12 ng.bee-1 and LD50) either induced similar effects (as 

observed for CaE1 and CaE2) or no effect, as observed for CaE3, CAT and GST. Except for CaE1 and CaE2, 

biomarker responses were often weaker at high doses than at the low dose, suggesting a regulatory mechanism of 

biomarkers similar to that observed for AChE in honey bees and spiders (Badiou et al., 2008; Babczynska et 

al., 2006). 

Neonicotinoids can induce toxicity via distinct pathways. They can act agonistically on the nicotinic 

acetylcholine receptor (Tomizawa et al., 1993) but may also exhibit an antagonist action on nicotinic 

acetylcholine receptors (nAChR) (Seifert and Stollberg, 2005). However, it has been suggested that the 

toxicity of neonicotinoids may be connected to the existence of high and low affinity binding sites, which 

implies a more complex mode of action (Nagata et al., 1998; Suchail et al., 2001; Guez et al., 2001, 2003). The 

existence of two imidacloprid binding sites has been demonstrated in the Aphid Myzus persicae and (Lind 

et al., 1998, 1999) and in the planthopper Nilaparvata lugens (Li et al., 2010). In the honey bee, the existence 

of one binding site for imidacloprid and its metabolites has been reported although toxicity experiments have 

suggested the presence of at least two receptors (Nauen et al., 2001; Suchail et al., 2001; Guez et al., 2001, 

2003). However, there is a great discrepancy between the concentration at which [3H]-imidaclorid binds to 

membranes (0.5 nM) and the concentration at which imidacloprid and its olefin and 5-OH-imidacloprid 

metabolites induce an inward current (3-30 µM) in cholinergic neurons. It should be noted that this difference in 

concentrations (ranging 6000 to 60,000) is in accordance with the difference in doses necessary to observe same 

effects during chronic and acute exposure of bees to imidacloprid and its metabolite (up to 100,000) (Suchail et 

al., 2001). These differences could be explained by nAChR sensitive and resistant to imidacloprid whose 

existence has been demonstrated in the honey bee (Dupuis et al., 2010, 2011). Thiamethoxam seems to 

display a particular mode of action and may not act competitively at the acetylcholine binding site of nAChRs 

(Tan et al., 2007). The conversion of thiamethoxam into its toxic metabolite clothianidin has been proposed as 

the cause of its biological effect (Nauen et al., 2003). The inability of low doses to induce detoxifying 

mechanisms in the honey bee has also been considered as an explanation for the toxicity of xenobiotics at low 

doses (Suchail et al, 2001; Brunet et al. 2005). Thus, the effects of thiamethoxam may result in part from 

modulation of the detoxifying system after exposure, especially if we consider that the clothianidin metabolite is 

as toxic as the parent compound. 

To minimize oxidative damage to cellular components after exposure to xenobiotics, organisms have developed 

antioxidant defences. CAT is considered as the primary defence against oxidative damage, and GST is an early 
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marker of induction of the detoxifying system and also appears to contribute to cellular protection against 

oxidative damage (Barata et al., 2005; Babczynska et al., 2006). In the present study, the increase in GST and 

CAT activities, reaching up to 119% and 156% of control activity, respectively, strongly suggests the induction 

of oxidative stress by thiamethoxam. As well as GST and CAT, CaE2 is also induced by thiamethoxam. 

Differential effects of thiamethoxam have been observed for CaEs, with an increase for CaE2 that contrasts with 

a decrease for CaE1 and CaE3. It should be noted that, for CaE1 and CaE2, the effects occur whatever the dose. 

Thus, the opposite effect of CaE1 and CaE2 would have been masked if only overall CaE activity had been 

measured. Consequently, the differential effect of the same xenobiotic substance on CaEs renders these enzymes 

very useful to distinguish the complex actions of different substances. Significant improvements in the use of 

biomarkers could therefore be achieved by assaying CaEs individually, especially when the isoenzymes respond 

differently (Bocquené et al., 1997). Although ALP has rarely been studied in the context of biomonitoring, a 

significant increase of about 20% above the control level is observed at the lowest doses, making ALP an 

interesting biomarker of thiamethoxam that could help to establish differential intoxication diagnoses. 

 

5. Conclusion 

Biomarker responses after exposure to thiamethoxam revealed that the lowest dose used (2.56 ng.bee-1) had a 

sublethal action and modified the activities of CaEs, GST, CAT and ALP. These biomarkers constitute an early 

warning system for exposure to thiamethoxam and other xenobiotics. The biomarker responses allowed us to 

establish a differential profile of exposure to thiamethoxam which consisted in no response of AChE, an increase 

of GST and CAT, and a differential effect on CaEs isoforms, with a decrease in CaE1 and CaE3 at the lowest 

dose and an increase in CaE2. We therefore assume that a differential profile of biomarker modulation could be 

used as a fingerprint to characterise the exposure of bees not only to thiamethoxam but also to other xenobiotics. 

Hence, using a combination of biomarkers, the absence of effect on a given biomarker could be considered to be 

fully informative. No dose-effect was observed for any of the enzymes considered individually, suggesting that it 

might not be possible to assess exposure levels using these biomarkers, at least within the range of doses tested. 

However, use of a biomarker battery offers an opportunity to establish differential modulation profiles that could 

be characteristic of both the environmental stressor and the level of exposure. Thus, in the case of non-

monotonic dose-effect relations, the link between the intensity of exposure and the effects observed might also 

be reflected by the differential modulation of biomarkers. Consequently, this battery of biomarkers can be 

regarded as a promising option to biomonitor the health of terrestrial ecosystems. Furthermore, the biomarkers 
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could yield valuable information on the physiological processes impaired by environmental stressors, and on the 

modes of action of pesticides in the honey bee.  

In this study, we have studied only the effects of thiamethoxam. It is important to see whether the 

modulation profile of these biomarkers is family-specific or substance-specific. It is legitimate to think 

that the probability to obtain an identical modulation profile with other pesticides is very low. 

Nevertheless, it is important to conduct studies on other pesticides, especially neonicotinoids, before using 

modulation profiles obtained with this battery of biomarkers. The next step in validation of these biomarkers 

is to study the perturbations induced in bees under real-life conditions in situ. 
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Figure 1. Recovery rates of biomarkers. AChE and CaEs were extracted from heads and CAT, GST and ALP 

from midguts. After successive extractions, supernatants corresponding to extract 1, 2 and 3 were kept and 

subjected to analysis. Data corresponded to means ± SD of 15 repetitions performed in triplicate. 

 

Figure 2. Stability to freezing of membrane biomarkers. Head extracts of healthy honey bees were frozen at 

-20°C after extraction and assayed at different times during a 60-day period. (A) AChE, (B) CaE1; (C) CaE2, 

(D) CaE3. Control values correspond to the initial activities before freezing. Data corresponded to means ± SD 

of 12 repetitions performed in triplicate. Values were not statistically different at p = 0.05. 

 

Figure 3. Stability to freezing of soluble biomarkers. Midgut extracts of healthy honey bees were frozen at 

-20°C and assayed at different times during a 60-day period (n=15). (A) GST, (B) CAT; (C) ALP. Control 

values correspond to the initial activities before freezing. Data corresponded to means ± SD of 12 repetitions 

performed in triplicate. Values between 3 and 60 days were not statistically different at p = 0.05. 

 

Figure 4. Effects of thiamethoxam on biomarkers. Biomarker levels were expressed as tissue activities. Bees 

were subjected to an acute contact exposure to thiamethoxam at the doses of 0 (Controls), 2.56, 5.12 and 51.16 

ng.bee-1. AChE (A), CaEs (B), CAT (C), GST (D) and ALP (E). Data corresponded to means ± SD of 9 

repetitions performed in triplicate. Asterisks indicate a significant difference with the control: (*) p ≤ 0.05: p = 

0.031 for CaE1, p = 0.025 for CAT and p = 0.030 for GST. (**) p ≤ 0.01: p = 0.006 for CaE1 at 2.6 ng.bee-1, 

p = 0.0071 for CaE1 at 5.2 ng.bee-1, 0.0075 for CaE1 at 51.2 ng.bee-1, p = 0.0034 for CaE2 at 2.6 ng.bee-1, p 

= 0.0030 for CaE 2 at 5.2 ng.bee-1, p = 0.0025 for CaE2 at 51.2 ng.bee-1 and p = 0.0063 for CaE3 at 5.2 

ng.bee-1. 

 

Figure 5. Effects of thiamethoxam on biomarkers. Biomarker levels were expressed as specific activities. 

Bees were subjected to an acute contact exposure to thiamethoxam at the doses of 0 (Controls), 2.56, 5.12 and 

51.16 ng.bee-1. AChE (A), CaEs (B), CAT (C), GST (D) and ALP (E). Data corresponded to means ± SD of 9 

repetitions performed in triplicate. Asterisks indicate a significant difference with the control: (*) p ≤ 0.05: p = 

0.015 for CaE3, p = 0.025 for CAT at 5.1 ng.bee-1 and p = 0.031 for GST at 5.1 ng.bee-1. (**) p ≤ 0.01: p = 

0.0052 for CaE1 at 2.6 ng.bee-1, p = 0.0061 for CaE1 at 5.2 ng.bee-1, 0.0065 for CaE1 at 51.2 ng.bee-1, p = 

0.0033 for CaE2 at 2.6 ng.bee-1, p = 0.0028 for CaE 2 at 5.2 ng.bee-1, p = 0.0022 for CaE2 at 51.2 ng.bee-1, p 
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= 0.0023 for CAT at 2.6 ng.bee-1, p = 0.0051 for GST at 2.6 ng.bee-1, p = 0.0047 for GST at 5.1 ng.bee-1 and 

p = 0.0072 for ALP at 2.6 ng.bee-1. 
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Table 1. Extraction efficiency of the different enzymes after three sequential extractions (% of total activity). 
Data represented the mean values ± SD and 95% Confidence Interval in brackets (n=15). 
 
 
Enzymes  Extract 1 Extract 2 Extract 3 
 
AChE   65.13 ± 1.48 [64.31; 65.95] 25.10 ± 1.70 [24.16; 26.04] 9.77 ± 0,22 
[9.65; 9.89] 
CaE1   82.77 ± 1.22 [82.1; 83.44]  14.74 ± 0.86 [14.26; 15.22] 2.48 ± 0,62 
[2.14; 2.82] 
CaE2   83.47 ± 1.94 [82.4; 84.54]  15.98 ± 1.80 [14.99; 16.97] 0.56 ± 0,54 
[0.26; 0.86] 
CaE3   76.58 ± 2.59 [75.15; 78.01] 17.86 ± 1.73 [16.9; 18.82]  5.56 ± 1.28 
[4.85; 6.27] 
ALP   88.39 ± 3.54 [86.43; 90.35] 11.61 ± 3.54 [9.65; 13.57]  Not detected 
GST   97.28 ± 6.12 [93.8; 100.66] 2.72 ± 0.31 [0.66; 6.10]  Not detected 
CAT   80.19 ± 5.09 [77.38; 83.00] 19.81 ± 5.09 [17.00; 22.62] Not detected 
 
 
 


